ULTRASTRUCTURAL LOCALIZATION OF MINERAL MATTER IN BACTERIAL SPORES BY MICROINCINERATION by Thomas, Richard S.
ULTRASTRUCTURAL  LOCALIZATION 
OF  MINERAL  MATTER  IN  BACTERIAL 
SPORES  BY  MICROINCINERATION 
RICHARD  S.  THOMAS,  Ph.D. 
From Western Regional Research Laboratory,  United  States Department  of  Agriculture, All)any, 
California 
ABSTRACT 
The  fine localization of mineral  matter  in  spores  of Bacillus  megaterium and  Bacillus  cereus 
was studied  by the technique of microincineration adapted  for use with the electron micro- 
scope. The specimens, which included intact and thin-sectioned spores as well as shed spore 
coats, were burned  either in the conventional way at high temperature  or by a  new tech- 
nique using electrically excited oxygen at nearly room temperature.  The ash residues were 
examined  by  bright  field, dark  field, and  diffraction  in  the electron microscope and  also 
with  the  phase  contrast  microscope.  In  some cases,  the  specimen was  previewed in  both 
microscopes before incineration. The results do not support a  previous report that  the min- 
eral elements of the spore are confined  to a  peripheral  layer,  but rather  indicate  that  the 
spore core as well as the coat are mineral-rich. The cortex may be deficient in minerals, but 
the possibility of artifact prevents a  clear decision on this point.  Incinerated  B. megaterium 
spores show a  highly ordered  fine structure  displaying  100  A  periodicity in  the ash of the 
middle layer of the coat. The nature of this structure is discussed, as is the technique which 
demonstrated it. The fine definition of the ash patterns,  particularly those obtained with the 
low-temperature,  excited-oxygen technique,  suggests  that  microincineration  may  be gen- 
erally useful in the study of fine structure. 
INTRODUCTION 
Bacterial spores contain metals and  other mineral 
elements in quite appreciable amounts; in spores of 
Bacillus megaterium, for example, the incombustible 
residue is  11  to  12 per cent of the dry weight (39). 
The  major  mineral  constituents  are  potassium, 
calcium,  manganese,  magnesium,  copper,  and 
phosphorus,  with  calcium  frequently  the  most 
abundant  (6,  22).  Numerous  studies  have  shown 
that  the minerals play an important role not only 
in  the  development  of the  spore,  but  also  in  its 
unique tolerance to high temperatures.  Manganese 
seems  to  be  an  absolute  nutritional  requirement 
for spore formation (5, 35), while calcium is highly 
correlated  with  the  spore's heat resistance  (1,  15, 
35, 37). 
These  considerations  lead  one  to  ask  in  what 
structures--e.g,  coat, cortex, or core--of the spore 
the  mineral  elements  are  localized.  Most  of the 
evidence  on  this  question  is  circumstantial.  For 
example,  Mayall  and  Robinow  (23)  showed  that 
the cortex disappears  during early germination at 
the same time that most of the calcium is released 
into  the  medium  (27).  They  thus  speculate  that 
calcium is localized in the cortex.  Consistent with 
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ing spore during the time that  the cortex is form- 
ing (48). 
There  is also  some evidence on  mineral  locali- 
zation  from  analysis  of isolated  spore  coats.  This 
includes  figures  for  total  ash  (4,  36,  47),  phos- 
phorus  (11,  32,  36,  43,  47),  calcium  (21),  mag- 
nesium (21)  and manganese  (21, 46) content. The 
results are difficult to evaluate, however, owing to 
the  probable  morphological  heterogeneity  of the 
preparations,  and  possible  losses  of mineral. 
A  third kind of evidence was recently provided 
by Knaysi  (17,  18)  who applied  the technique of 
microincineration  (16,  25,  34).  This  long  es- 
tablished  method  (first applied to bacterial spores 
in  1932  by Scott  (33))  consists simply of burning 
the specimen on a  microscope slide to remove all 
organic material, and  then examining the pattern 
of  ash  which  remains.  The  technique  cannot 
localize  individual  metallic  elements,  but  it  can 
indicate whether  a  particular  structure  is rich  or 
poor in mineral elements as a  whole. 
Knaysi observed a  ring-like residue of ash from 
the  spores  and  concluded  that  the  mineral  ele- 
ments must be largely concentrated in a peripheral 
layer, perhaps the cortex, surrounding a minerally 
poor  core.  His  observations,  however,  were  se- 
verely limited by the resolving power of the phase 
contrast  microscope.  It  seemed  desirable,  there- 
fore,  to  repeat  and  extend  this  work  using  the 
electron microscope. 
There  have  been  a  few  previous  reports  of 
microincineration  used  with  this  instrument  (8, 
9,  26,  42,  45).  To  adapt  the  classical  technique 
requires  only  that  a  suitably  thin,  heat-resistant 
specimen support  be found.  Thin  films of alumi- 
num  and  beryllium  (9)  or  silicon  monoxide  on 
stainless  steel  grids  (45)  have  been  used  success- 
fully. Alternately, a  thin film replica can be made 
of the ash deposit on a  glass slide  (26). 
The  electron  microscope  specimen  has  usually 
been  burned  by  high  temperature,  either  in  a 
furnace  (26,  45)  or  by  the  electron  beam  within 
the  microscope  (8).  Turkevich  and  Streznewsky, 
however,  carried  out  the  incineration  at  room 
temperature  with  a  stream  of electrically excited 
oxygen (42).  Their specimens were simply carbon 
particles,  but Turkevich suggested using the same 
technique  on  biological  material  (41).  Inde- 
pendently,  a  similar excited oxygen technique for 
ashing  larger  carbonaceous  specimens  was  de- 
veloped by Gleit and Holland  (13,  14). 
The  present  investigation  used  both  high-tem- 
perature  ashing  and  low-temperature,  excited 
oxygen incineration following Gleit and  Holland. 
The  techniques  were  applied  to  intact,  whole 
spores,  as  used  by  Knaysi,  and  also  to  thin-sec- 
tioned  spores  and  germinated  spore  coats.  The 
latter  two  preparations  could  not  give  reliable 
information  on  the  over-all  distribution  of  total 
mineral in spores, since they undoubtedly lost some 
material  during  processing,  but  they could  show 
in  more  detail  the  fine  localization  of structure- 
bound minerals which were retained. Bacillus mega- 
terium spores were used for most of the experiments, 
but,  to  allow  direct  comparison  with  Knaysi's 
results, spores of Bacillus cereus were also employed. 
The work has been concerned with exploration 
of the  technique  as  well as with  the  structure  of 
spores,  and  is still in its initial phase.  Results ob- 
tained  so  far  seem  to  justify  publication  at  this 
time,  however.  A  brief,  preliminary  account  of 
some  of this  work  has  been  published  elsewhere 
(38). 
MATERIALS  AND  METHODS 
Devices for Incineration 
High-temperature  incineration  was  performed 
either in an electrically heated muffle furnace or on a 
simple  heating  stage  in  a  Kinney  SC-3  vacuum 
evaporator.  The  heating  stage  permitted  more  flex- 
ible temperature  control  than  the  furnace  and  also 
allowed specimens to be heated under vacuum. 
For accurate determination  of specimen tempera- 
ture  in  the  muffle  furnace,  a  stainless  steel  block 
with  a  thermocouple junction  embedded  in  it  was 
placed on the floor of the furnace,  and  the electron 
microscope specimen grids,  or milligram samples  of 
spores,  were  placed  in  a  small  crucible  resting  di- 
rectly on the block. 
The  vacuum  evaporator  heating  stage  consisted 
of a  platinum  ribbon  0.13  x  6  x  54  ram,  mounted 
horizontally  in  the  standard  filament  holders  (see 
Fig. 1). A thermocouple junction of 28-gauge chromel 
and  alumel wires was spot welded to the under sur- 
face at the center of the ribbon.  The specimen grid 
was  placed  on  the  upper  surface  directly  over  the 
junction.  The  thermocouple  was  calibrated  by  the 
melting points of various salts,  a few crystals of which 
were placed on the ribbon in place of the specimen 
grid. 
Low-temperature, excited-oxygen incineration was 
carried  out in  a  prototype  version of the  Tracerlab 
Low Temperature Asher, model LTA 500,  described 
by  Gleit and  Holland  (13,  14).  The  device consists 
essentially  of  a  glass  tube  through  which  passes  a 
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flow rate  of 50 cc/minute  (S.T.P.).  At the upstream 
end,  a  coil  surrounding  the  tube  imposes  a  high 
voltage,  radio  frequency  electromagnetic  field  on 
the  gas,  producing  an  electrodeless  ring  discharge. 
This is seen as  a  purple  glow,  which extends a  con- 
siderable  distance  downstream  from  the  coil.  The 
specimen to  be  incinerated  is placed  in the  glow  at 
the downstream end of the tube where the tempera- 
ture is only slightly above ambient. 
The  atomic  oxygen  and  other  metastable  species 
formed  by  the  discharge  have  sufficient  energy  to 
completely  oxidize  all  organic  compounds  (14)  but 
the reaction rate is found to vary greatly with differ- 
ent  kinds  of  specimen.  Surface-to-volume  ratio 
/ 
FIGURE  1  Heating stage in  vacuum evaporator.  The 
specimen grid is seen on the platinum ribbon filament 
directly  over  the  therrnocouple  junction.  The  arrow 
indicates  the  direction  of  shadowing. 
seems to be the most important factor.  The diffusion 
of oxygen into the specimen is much slower than for 
high-temperature  incineration,  and  an  insulating 
layer  of  ash  forming  on  the  surface  can  greatly 
hinder  the  oxidation.  The  procedure  is  thus  best 
suited to very thin or porous objects. 
Specimen Grids 
For  high-temperature  incineration,  200-mesh 
grids of either gold or stainless steel were used. Gold 
grids  worked  well  with  the  platinum  heating stage, 
since at high temperatures they would  adhere to the 
platinum  surface,  insuring  good  thermal  contact. 
For  low-temperature  incineration,  the  grids  were 
200-mesh  titanium  (EFFA-Ti)  or  stainless  steel. 
Gold  grids  could  not  be  used  for  low-temperature 
incineration, since catalyzed recombination of atomic 
oxygen  at  their  surfaces  heated  the  grids  to  high 
temperatures. 
The grids were filmed with silicon monoxide. This 
was  vacuum  evaporated  onto  grids  covered  with 
collodion  and  the  latter  was  burned  away  in  either 
the  muffle  furnace  or  the  excited  oxygen  device. 
The  films were  estimated  to  be  about  200  A  thick. 
In  some  initial  experiments  (38),  a  thin  film  of 
carbon  was  deposited  on  the  silicon  monoxide  to 
prevent  possible  reaction  of specimen  ash  materials 
with  the  latter.  This  was  not  necessary,  however. 
Whole Spore Preparations 
Spores  of B.  megaterium, strain  Northern  Regional 
Research  Laboratory  B-938,  and  B.  cereus, strain  T 
TABLE  I 
Mineral Elements  in B. Megaterium Spores 
Amount (% native spore dry wt)* 
Lot GA 
corn 8-62  Lot GA 8-22-61 
Mineral element  (Native)  (Native)  (Formalin-fixed) 
Potassium  --  3.4  0.8 
Calcium  2.0  2.6  2.5 
Manganese ~:  1.4  1.6  1.4 
Phosphorus  1.4  1.5  1.4 
Magnesium  0.28  0.24  0.24 
Sodium  --  ~0.1  (undetectable) 
Copper  0.02  0.04  N0.005 
Iron  0.03  0.01  0.01 
* Potassium and sodium were determined by flame 
photometry  (7).  The  emission  spectrograph  was 
used  for  calcium,  manganese,  copper,  and  iron 
(22).  Phosphorus was determined  colorimetrically 
(2). 
:~ The  spores,  intended  for  other  studies  (46), 
were  grown  in  a  manganese-enriched  medium 
which  raised  their  content  of this  element. 
were  grown  and  purified  as  described  by  Alderton 
and  Snell  (1),  and  Sacks  and  Bailey  (31),  respec- 
tively.  The  dry  spore powders  were  stored  in closed 
containers in the refrigerator until used. 
An analysis of the mineral elements present in the 
B.  megaterium spores is shown in Table  I. 
For  whole  mount preparations,  the spore  powder 
was  suspended  (Potter  homogenizer)  in  distilled 
water  and  sprayed  onto  the  electron  microscope 
grids.  Examination  of both  the  suspension and  the 
grids  under  phase  contrast  showed  that  nearly  all 
spores were normally refractile. 
Germinated Spore Coats 
Coats  from  germinated  spores  were  present  as  a 
minor  contaminant  in  the  whole  spore  preparation 
of B.  megaterium.  Apparently,  they originated  in  the 
culture  and  were  carried  with  the  whole  spores 
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purification (30). 
Thin-Sectioned Spores 
Lyophilized  spore  powder  was  suspended  in  55 
per  cent  neutralized  (with  NH4OH)  formalin  at 
40°C  for  65  hours,  with  occasional  agitation.  The 
spores were then washed in  distilled water  and  pel- 
leted  in  10  per  cent  gelatin  in  a  disposable  poly- 
ethylene  centrifuge  tube.  After  chilling  the  tube, 
the tip was cut off to liberate the undisturbed pellet, 
which was dehydrated by a  graded series of ethanol- 
water,  ethanol,  and  ethanol-methaerylate  mixtures. 
The  aqueous  reagents  were  chilled  to  prevent  dis- 
integration  of the pellet.  Embedding was in  30  per 
cent  methyl-,  70  per  cent  butyl-methacrylate  con- 
taining  1  per  cent cGc~'-azodiisobutyronitrile  (AIB) 
as  catalyst  (44).  Polymerization  was  effected  by 
ultraviolet  illumination  at  room  temperature.  Sec- 
tions,  cut  (Porter-Blum  microtome,  diamond  knife) 
onto a  water surface and spread with toluene vapor, 
ranged  in  color  from grey  to  light  gold.  After  col- 
lecting them on specimen grids, the methacrylate was 
usually  removed by immersing the grids in benzene 
for 3 to 5 minutes. 
Some  features  of  the  procedure  deserve  special 
comment.  The  spores  proved  rather  difficult to  fix 
with  formalin,  hence  the  high  concentration  of 
formalin,  elevated  temperature,  and  extended  time 
reported  here.  Results obtained  thereby  seemed su- 
perior to those of less extreme conditions. 
Methacrylate was used as embedding medium be- 
cause it was easily removed from the sections (to pre- 
vent possible complications during  the incineration) 
and because it gave rise to an explosion artifact. As will 
be  seen  below,  this  was  advantageous  in  resolving 
the  structures  of the  spore  coat.  The  formalin-fixed 
spores  were  prone  to  extreme  explosion,  but  this 
was controlled by the use of AIB as catalyst and by 
maintaining tight packing of the spores in the gelatin 
pellet. 
The  over-all  procedure  did  not  preserve  intact 
the total mineral content of the spores, as shown in a 
preliminary way by analysis at the first step, formalin 
fixation (see Table I). Although many of the minerals 
were retained,  potassium,  sodium,  and  copper  were 
largely lost. It seems likely that further losses occurred 
in the dehydration,  embedding,  and  sectioning onto 
the water surface, but their extent is not yet known. 
Optical and Electron Microscopy 
For phase  contrast observations,  a  Tiyoda  micro- 
scope equipped  with  a  40x,  NA  0.65,  phase  N.D.L. 
objective, and 20x oculars was used. Over-all magnifi- 
cation  was  1200.  Unfiltered  Koehler  illumination 
was  provided  by  a  tungsten  ribbon  filament  lamp. 
Electron  microscope  specimen  grids  were  mounted 
in air under a  coverglass. 
Electron  microscopic  observations  were  made 
with an Hitachi HU-10, using a  35-# objective aper- 
ture,  and  operating  at  50  kv.  Micrographs  were 
taken  at  magnifications  ranging  from  2700  to 
27,000,  with  exact  magnification  determined  by 
reference to standard,  0.264-#  polystyrene particles. 
Specimens were shadowed with uranium  at  incident 
angle  aretan 1/2.  The  local shadow angle was some- 
what indeterminate,  however,  owing to  undulations 
in  the  specimen support  fihn. 
FmURE ~  Unincinerated control preparation  of whole B. megaterium spores. Air-dried, 
sprayed with 0.~64-~ polystyrene reference particles, and uranium shadowed. Note that the 
spores were little, if at all, flattelmd during drying. The flattened object is  part of a  ger- 
minated spore coat.  X  8,000. 
FIGURE 3  B. megaterium preparation, similar to that of Fig. ~, after 30 minutes at 500°C. 
Uranium shadowed after incineration. Typical assortment of ash residues. Note that the 
central mass in each case stands well up off the support fihn. The surrounding pattern of 
sumll granules suggests a  collapsed membrane in some cases. X  18,000. 
FIGURE ~  Unincinerated control preparation of whole B. cereus spores. Details of prepara- 
tion similar to that of Fig. ~. Note the collapsed exosporium surrounding the spore body. 
X  18,000. 
FIGURE 5  B. cereus preparation,  similar to  that  of Fig.  4,  after 30  minutes at  500°C. 
Uranium shadowed after incineration. Typical assortment of ash residues all taken from 
the same plate; the images were cut apart and reassembled to save space. In addition to the 
ash of the spore body, note a surrounding, very faint pattern of fine ash granules from the 
exosporium. )<  18,000. 
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retained. Sprayed with 0.~64-#  polystyrene reference particles and uranium  shadowed. Note that the 
cortical region of each spore is represented simply by a hole in the section. X  18,000. 
FIGURE 7  Thin-sectioned B. megalerium  spore preparation similar to that of Fig. 6, but with methacrylate 
removed. Note that the spore coat has been dissected into two or three layers by tile methacrylate ex- 
plosion artifact. )<  18,000. 
EXPERIMENTS  AND  RESULTS 
High-Temperature  Incineration  of  Whole 
Spores 
Initial  experiments  were  performed  approxi- 
mately as described by Knaysi (18)  so that results 
could be directly compared. 
Spores  mounted  on  the  grid  were  fixed  by 
aqueous  formaldehyde vapor  for  a  few  minutes. 
The grid was placed on the heating stage and the 
temperature gradually raised, over the course of a 
few minutes,  to  500°C,  where it was maintained 
for  30  minutes.  After  cooling  and  evacuation  of 
the  chamber,  the  grid  was  then  shadowed  with 
FIGURE 8  Thin-sectioned B. megaterium spore preparation with methacrylate removed, 
similar to that of Fig. 7, but without shadowing (and without contrast reversal). Again 
note that the spore coats have been split into layers. Note also that in several cases the 
spore core was poorly cut by the knife and the core cross-section is displaced and relatively 
thick. X  16,000. 
FmURE 9  The same preparation, same field of view as that of Fig. 8, but after incineration 
at 600°C for 30 minutes. Uranium shadowed after incineration. The spore core is, in each 
case,  represented by a  pattern of droplet-shaped ash granules.  Note, however, that the 
coarseness or fineness of this pattern correlates with the original thickness of the core 
cross-section and, in two instances, the core ash consists mainly of a single large droplet. 
The coat is usually represented by a well defined ash pattern which varies somewhat from 
spore to spore. In some cases, it consists of a well defined broad belt of ash; in others, of 
a  thin broken line of ash, or both the thin line and the belt. The details of the coat ash 
pattern and their correspondence to the original  coat structures are more easily seen in 
Figs. 10 and 11.  )<  16,000. 
118  THE ,~OI3"I1NAL  OF CELL BIOLOOY •  VOLUME ~,  1964 RICHAliD S. THOMAS  Ultrastructural  Localization by Microincineration  119 uranium.  In some cases,  the grid was maintained 
above  150°C  until  high vacuum was  reached,  to 
eliminate  possible  moisture  uptake  (16,  20,  34) 
before the ash  was  stabilized  by shadowing.  This 
precaution  seemed  to  be  unnecessary,  however. 
Grids of spores were  also  incinerated  at 600°C 
for 30 minutes in  the muffle furnace and without 
formalin  fixation  or gradual  rise  to  temperature. 
The higher temperature has been recommended to 
insure  complete removal of carbon  (16,  34).  The 
appearance  of the ash was not significantly differ- 
ent than after 500 ° incineration,  however. 
Figs.  2  to  5  show  electron  micrographs  of the 
ash  residues  of B.  megaterium and  B.  cereus spores 
after  500 °  treatment  together with  unincinerated 
control preparations. 
Typically,  the  ash  of B.  megaterium spores  ap- 
peared  as a  rather  amorphous,  three-dimensional 
mass,  surrounded  by  a  flat  pattern  of granules. 
The cinder-like central mass was usually one-half 
to  two-thirds  the  dimensions  of the  spore  before 
incineration.  The  flat  pattern  was  variable,  but 
often had  nearly the same size as the intact spore 
profile.  There +was no  clear  correspondence  be- 
tween  the  ash  and  any  structure  known  in  the 
intact spore. The flat pattern of granules, however, 
frequently  resembled  a  collapsed  membrane. 
Taken with  results  presented  below,  this  suggests 
that it may have derived from the outer coat of the 
spore. 
B. cereus spores gave similar ash residues except 
that  there  was  usually  a  barely  detectable  array 
of fine granules lying around  the main pattern  of 
ash.  This clearly corresponded  to the exosporium 
which  was  seen  collapsed  around  the  spore  body 
before incineration. 
None  of the  ash  residues  were  ring-like  as  re- 
ported  by  Knaysi  (17,  18).  However,  when  the 
same  incinerated  spores  were  examined  in  the 
phase  contrast  microscope,  the  apparent  objects 
were very similar to those seen in his micrographs. 
They were of two kinds:  uniformly dark,  circular 
or  oblong  particles  of  diameter  about  one-half 
that  of  untreated  spores,  and  similar  objects, 
usually slightly larger, which had luminous centers 
of  varying  size.  The  centers  were  occasionally 
either brighter or more bluish than the background 
and thus could be recognized as a  refraction effect 
similar  to  that  seen  in  the  images  of untreated 
spores.  Without  these  optical  clues  and  prior 
knowledge from the electron microscope, however, 
the  luminous  centers  might  well  have  been 
mistaken  for  an  absence  of  material,  and  these 
ash  residues  would  then  have  seemed  ring-like. 
High-Temperature  Incineration  of  Thin- 
Sectioned  Spore8 
(A)  THE  NATURE  OF  THE  SECTIONS  BE- 
FORE  INCINERATION:  Figs.  6  and  7  show 
typical  shadowed  thin  sections  of formalin-fixed 
B.  megaterium spores,  with  and  without  the  em- 
bedding methacrylate removed. Most of the spore 
cross-sections showed  considerable  or  total loss of 
material  from the cortex.  Apparently,  this region 
was  neither  fixed  by  formalin  nor  infiltrated  by 
methacrylate,  and  dissolved  away  when  the  sec- 
tions  were  floated  on  water.  Any  minerals  here 
were presumably  lost,  to a  large extent.  It should 
also be noted that "unbound"  minerals may have 
been  lost  from  elsewhere  in  the  section  even 
though the structure stayed intact. 
The  spore  core  seemed  fairly  well  preserved, 
morphologically,  as  was  the  coat.  The  latter 
structure,  however,  was  distended  and  split  into 
two or three distinguishable  layers by  the metha- 
crylate explosion. 
(B)  EXAMINATION  OF  THE  SAME  SEGTION 
BEFORE  AND  AFTER  INCINERATION:  Figs. 
8 and  10 show thin sections of B. megaterium spores 
with methacrylate removed, but without shadow- 
ing.  The  three  layers  of the  coat  are  clearly dis- 
tinguished in Fig.  10. 
These fields of view were located on the grid so 
that they could be re-examined after incineration, 
and then the grid was gradually brought to 600°C 
on the heating stage and  maintained  for 30 min- 
utes.  Two  precautions  were  observed:  (1)  To 
eliminate  possible  formation  of  refractory  inter- 
mediate  oxidation  products  (33),  air  was  ad- 
mitted only after reaching maximum temperature; 
(2)  The  grid  was kept  hot  after  ashing  until  the 
chamber  was  evacuated,  to  eliminate  possible 
moisture  uptake  before  shadowing.  Further  ex- 
perience  indicated  that  neither  safeguard  was 
important, however. 
A  control  grid,  similarly  treated  but  without 
prior  viewing,  showed  that  exposure  to  the  elec- 
tron beam had no effect on the quality of the sub- 
sequent ash pattern. 
Figs.  9  and  11  show  the  same  fields as  Figs.  8 
and  10,  after  incineration  and  shadowing.  The 
correspondence of the ash patterns  to the original 
spore sections was striking. In particular, a pattern 
of droplet-shaped  ash  particles  corresponded  ac- 
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fore  incineration,  and  outside  that,  a  belt  or 
ridge  corresponded  closely  to  the  coat.  Between 
those  two  structures,  in  the  region of the  cortex, 
there was little or no ash.  This is not unexpected 
however, since, as shown above,  the sections were 
devoid  of  cortical  material  before  incineration. 
The  residue  of the  multilayered  coat emerged 
as  the  most  interesting  feature  (see  Figs.  10  and 
11).  The inner layer of the coat yielded essentially 
no  ash,  and  the  outer  layer,  densest  before  in- 
cineration, yielded only a relatively small amount. 
The  middle  layer,  on  the  other  hand,  gave  a 
prominent  and  well  defined  belt  of  ash  which 
corresponded  closely  to  the  configuration  of  the 
middle layer before incineration.  Where this layer 
had  collapsed onto the support film and  could be 
seen face on,  a  hint  of fine structure  was evident 
in the ash.  This will be considered in more detail 
below. 
Many  of the  spore  cross-sections  did  not  show 
this middle layer ash  residue  (see Figs.  8  and  9). 
The  proportion  which  did  varied  from  one  em- 
bedded  block  to  another,  suggesting  that  het- 
erogeneity with respect to this structure may have 
resulted  from  variable  losses  of  mineral  during 
processing. 
(C)  EFFECT  OF  SECTION  THICKNESS  ON 
DEFINITION  OF  THE  ASH  PATTERN:  In  com- 
paring  Figs.  8  and  9,  one will note  that  size and 
distribution  of  the  ash  particles,  particularly  in 
the region of the spore core, depended  on section 
thickness.  Where  the  core  was  thick,  the  ash 
"pattern" was a single large droplet. Fig.  12 shows 
a very thin section from the same grid. The droplet 
pattern  here  had  a  very  fine  texture  and  corre- 
sponded  precisely  to  the  contours  of  the  core. 
Variations in pattern  texture within the core were 
reminiscent of the distribution  of chromatin  (29) 
and may be significant. Because of this coalescence 
of the  ash  into  droplets,  satisfactory  ash  patterns 
could  not  be obtained  from  sections  thicker  than 
about  70  m#.  The  phenomenon  undoubtedly 
contributed  to  the  amorphous  appearance  of the 
ash of whole spores. 
(D)  EFFECT  OF  INCINERATION  TIME  ON 
DEFINITION  OF  THE  ASH  PATTERN:  Grids 
of B. megaterium spore sections were incinerated  at 
600°C  for times shorter  than  30  minutes  to see if 
this might improve the structural detail of the ash 
patterns. 
In  one  such  experiment,  a  grid  placed  on  the 
heating  stage  was  brought  up  to  600°C  in  air 
over  the  course  of 2  minutes,  maintained  for  10 
minutes,  rapidly  cooled  to  room  temperature  in 
air, and  shadowed.  Alternately, grids were simply 
placed directly into  the preheated  muffle furnace 
at  600°C,  removed  10  minutes  later,  and 
shadowed. 
Fig.  13 shows results typical of either procedure. 
The  ash  pattern  was  not  grossly  different  than 
after longer treatment, but now the ash of the coat 
middle  layer,  when  present,  showed  remarkable 
fine structure.  Minute fibrils were seen lying paral- 
lel to one another in regular  arrays with periodic 
spacing  of about  100  A.  The  arrays  had  various 
orientations in different parts of the middle layer, 
and in transitional regions contiguous arrays some- 
times appeared  superimposed. 
The  fine structure  was displayed  less clearly in 
some  ash  patterns  than  others,  but  nevertheless 
was  always  discernible  in  the  middle  layer.  To 
see  if it  might  be  evident  without  incineration, 
de-embedded,  shadowed,  or  unshadowed  cross- 
sections showing the middle layer were examined 
closely.  No  indication  of  the  structure  could  be 
detected. 
(E)  EFFECT  OF  INCINERATION  TIME  ON 
THE  COMPLETENESS  OF  ASHING:  CHEMICAL 
AND  MICROSCOPIC  EVIDENCE:  It  seemed 
likely  that  10  minutes  at  600 °  was  sufficient  to 
completely ash  the  thin  sections,  but,  to  be  cer- 
tain on this point, a  few control experiments were 
conducted  with  milligram  amounts  of  B.  mega- 
terium spore powder. 
Weighed  samples  were  heated  for  varying 
lengths  of time  at  600°C  in  the  muffle  furnace, 
reweighed, treated with cold 6 N hydrochloric acid 
to  drive  off  any  carbonate  present,  and  then 
analyzed for carbon  (24). 
The  results  of  two  experiments  are  shown  in 
Table II. The samples reached constant weight in 
10  minutes  or less,  and,  when  treated  with  acid, 
they  dissolved  almost  completely.  A  very  slight 
black residue remained,  however,  and  its visually 
estimated  quantity  correlated  with  the  trace 
amount  of residual  carbon  found.  Phase  contrast 
examination  of the  residue  showed  small  clusters 
of refractile particles which looked like spores but 
appeared  black  under  low  power,  brightfield 
illumination. 
It seemed likely that  this residue represented  a 
few  incompletely  burned  spores  shielded  in  the 
center  of  aggregates  rather  than  an  unburned 
RicnAm) S. THOI~AS  Ultrastruclnral  Localization by Microincineration  121 FIGURE 10  Two selected spore cross-sections from the field of Fig. 8. In the upper spore, note that tile coat 
is split into three layers: a somewhat diffuse inner layer bordering the empty cortical space; a dense, outer- 
most layer; and a  membranous middle layer which is contiguous in different places with either the inner 
or outer layer. In tim lower spore, the nfiddle and outer coat layers have been lost.  )<  43,000. 
FIGURE 11  The same preparation, same field of view as that of Fig. 8, after incineration at 600°C for 30 
nlinutes, and then uranium shadowed. Note that in both spore cross-sections the inner layer of tile coat 
left almost no ash. In the upper spore, note that a thin line of ash corresponds to the formerly dense outer 
layer of the coat; the well defined and more pronlinent ash belt corresponds to the membranous middle 
layer. At several places on this belt, there appear striations which are suggestive of fibrillar fine structure. 
X  43,000. 
FIGUnE 1~  Incinerated preparation similar to that of Fig. 9, found on the same grid.  A 
thinner section.  Note  that  the ash pattern  of the spore core consists of smaller droplets 
more closely spaced, thus giving a  finer texture and definition to the pattern.  Variations 
in the texture in different areas of the core are apparent. The belt of ash representing the 
middle layer of the coat is narrower on the average; its width can be taken as an indication 
of the section thickness. )<  16,000. 
FIGURE  13  Incinerated  B. megaterium spore  cross-section. Preparation  similar to  those 
shown in Figs. 9, 11, and 1~, except that incineration time at 600°C was reduced from 30 
minutes to  10 minutes. Note that the ash of the coat middle layer clearly shows detailed 
fine structure. The periodic spacing in the oriented fibrillar arrays of the structure is about 
100 A. Note that the orientation of the arrays varies in different regions and that at the 
boundary  between  two  arrays  both  orientations  can  sometimes  be  seen  overlapping. 
X  70,000. 
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aggregate-free  smears  of  spores  on  Vycor  slides 
were  heated  in  the  furnace  at  600 °  for  varying 
lengths  of  time,  as  before,  and  then  examined 
under  the  microscope  after  acid  treatment.  No 
insoluble  particles  remained  if  the  preparation 
had been heated for 90 seconds or more. 
TABLE  II 
Total Ash and Residual Carbon of B. Mc~aterium 
Spores (Lot GA corn 8-62) after Incineration 
at 6oo°C 
Ash wt  Carbon wt 
Sample  Time at  -- Acid-insolu-  -- 
No  Initial  wt  600°C  Initial  wt  ble residue* Initial wt 
(m.~)  (min) 
1  29.49  l0  0.1146  ++-}-  0.0005 
2  28.43  30  0.1150 
90  0.1150  + -t-  0. 0002 
*Visual estimate. 
It seems safe to conclude that thin sections were 
totally ashed in much less than  10 minutes. 
Low-Temperature,  Excited-Oxygen  Incinera- 
tion  of  Thin-Sectioned  Spores,  Spore  Coats, 
and Whole Spores 
(A)  CRITERION  FOR  COMPLETE  ASHING 
OF  SPECIMENS  AND  PROCEDURE:  Cow-tem- 
perature incineration was entirely empirical, and 
so it  again  became necessary to  have  an  experi- 
mental criterion for complete ashing of the electron 
microscope specimens.  Carbon  analysis  of milli- 
gram  test samples suggested itself, as  before, but 
this now proved inapplicable. Owing to the poor 
penetration  of low-temperature, excited  oxygen, 
many  hours'  treatment was  required  for  ashing 
milligram  amounts  of  spores,  and  in  this  time 
the  ash  patterns  of  thin  sections  showed  clear 
evidence  of  overtreatment.  Small,  needle-like 
crystals were  sometimes seen growing out  of the 
ash structure. Previous experiments indicated that 
totally combusted spores were entirely soluble in 
cold  6  N  acid,  however,  and  so  this  solubility 
criterion was  applied,  using  as  a  test object thin 
smears of spores on microscope slides which were 
rapidly attacked by the excited oxygen. 
A  test smear was always included in the ashing 
experiment,  with  the  electron  microscope  grid 
placed directly on the same slide in the incineration 
chamber.  The  instrument  was  operated  at  the 
lowest power setting, and power input was some- 
times  further  reduced  by  @tuning.  Complete 
ashing, as judged  by  solubility of the test smear, 
took  3  to  10  minutes,  depending on  the  power 
input.  The  grids were  transferred without  delay 
from the ashing chamber to the vacuum evaporator 
and shadowed. 
FIGVRE 14  Thin-sectioned B. megaterium  spore preparation, from which the methacrylate 
was removed, and which was then incinerated at low temperature by electrically excited 
oxygen.  Uranium shadowed. Low magnification survey picture of typical field.  X  16,000. 
FIGURE 15  Preparation  identical to  that  of  Fig.  14.  Higher magnification view of  a 
selected spore cross-section to show typical detail in the ash pattern. Note that where the 
ashed middle layer of the coat has collapsed  onto the support film, it shows the 100-A 
fihrillar  fine structure. Otherwise, however, note that this layer and the ashed outer layer 
stand neatly erect off the support fihn. Note also that the ash of the core has a granulated, 
reticular texture. )< 50,000. 
FIGURE 16  Low-temperature incinerated preparation similar to that of Figs. 14 and  15, 
hut thicker section. Methacrylate was not removed before incineration. Note that in the 
spore cross-section partly in the field (to the left)  a part of the coat ash is not in  contact 
with the support fihn. In the uppermost spore cross-section,  the ash reticulum of the <.ore 
looks condensed and is rather small in diameter, suggesting that it may have contracted 
(luring  the incineration process.  )< 36,000. 
FIGURE 17  Low-temperature incinerated spore cross-section found on the same grid, near- 
i)y those of Fig. 16. The spore was apparently cut nearly tangentially aud the section in- 
cluded  only the coat layers.  The ashed nliddle layer is  easily recognized  by  its  100-A 
fihrillar texture. Note that the overlying, outer layer ash has a meshwork texture. X 70,000. 
12~  ThE JOURNAL OF CELL BIOLOGY • VOLUME ~3, 1964 RICHAI~D S. THOM.~S  Ultrastructural  Localization by Mieroincineration  125 B)  ASH  PATTERNS  OF  THIN-SECTIONED 
SPORES:  Figs.  14  and  15  show  typical  low- 
temperature ash patterns of fairly thin sections of 
B. megaterium spores. The patterns were not grossly 
different  from  those  from  high-temperature  in- 
cineration. 'Ihe fine structure of the ashed middle 
layer  of the coat looked  the  same,  and  the  inner 
layer  of  the  coat  and  the  cortical  region  were 
likewise missing or represented by only a  trace of 
ash.  However,  the  core  no  longer  survived  as 
droplets,  but  now  consisted  of  a  granular 
reticulum.  The  outer  layer  of  the  coat  was  also 
different; it looked solid and structural rather than 
liquid, and seemed to contain more ash.  Over-all, 
the ash pattern had a  sharper,  more three-dimen- 
sional appearance. 
Preservation  of  the  third  dimension  was 
strikingly demonstrated  in  the ash of thicker  sec- 
tions.  Fig.  16  shows  typical residues from sections 
which  were  probably  more  than  100  m#  thick 
before incineration. In this particular experiment, 
the  methacrylate  was  not  removed  before  in- 
cineration,  to  avoid  possible  surface-tension  flat- 
tening of the sections,  and was simply allowed  to 
burn  away.  The  ash  of  both  the  coats  and  the 
cores  stood  well  up  off the  support  film,  and,  in 
some cases,  the ash did not even contact the sup- 
port. 
The  reticular arrangement of the core  ash was 
also  quite  evident  in  thick  sections,  as  seen  in 
Fig.  16.  In  some  cases,  however,  the  reticulum 
looked  condensed,  and  the core was smaller than 
expected.  This  suggests  that  during  or  after  in- 
cineration the structure contracted. 
Thick sections occasionally provided  rather in- 
formative views  of the  ashed  spore  coat.  Fig.  17 
shows a  section cut almost tangentially to the sur- 
face of the spore,  and including little else but the 
separated layers of the coat. The outer layer had a 
meshwork  texture,  in  contrast  to  the  fibril  struc- 
ture of the middle layer. 
(c)  ASH PATTERNS  OF  GERMINATED  SPORE 
COATS:  Fig.  19  shows  typical  coats  shed  from 
germinating B. megaterium spores. After  such  coats 
were  incinerated by excited  oxygen,  they usually 
showed only a thin, single layer of ash with a  mesh- 
work  texture  similar  to  that shown  by  the  outer 
layer  of the coat in Fig.  17.  Sometimes, however, 
the ash showed a double layer as shown in Fig.  18. 
Overlying the meshwork was a  very  thin ash  res- 
idue with  100-A fibrillar structure.  Apparently in 
these cases, the coat was deposited on the support 
film with the inside uppermost, and the innermost 
layer  of  the  coat,  if  present,  was  burned  away 
cleanly to reveal the middle layer. 
In  addition  to  spore  coats,  there  were  a  few 
small fragments on the grids which could be recog- 
nized after incineration as isolated bits of the coat 
middle layer, free of the other layers. An example 
is  shown in  Fig.  20. 
In  neither  the  coat  fragments  nor  the  whole 
coats was  any indication of the  100-A  fine struc- 
ture detected before incineration. 
(D) ASH RESIDUES OF  ~VHOLE  SPORES:  The 
improved  preservation of the  third  dimension  in 
low-temperature  ash  patterns  of  thick  sections 
suggested that whole spores ought to be re-investi- 
gated by this technique. 
Fig.  23  shows  a  typical  field of whole B.  mega- 
terium spores  after  low-temperature  incineration; 
a  higher magnification view of two selected spores 
is shown in  Fig,  21.  The  ash residue  consisted  of 
FmUUE 18  Shed coat of a germinated B. megaterium spore after low-temperature incinera- 
tion and uranium shadowing. A selected example which displays good preservation of fine 
structure. Note that the ash consists of two strata, the lower stratum being visible through 
holes in the upper, and also at the edges of the ash pattern. The upper stratum shows the 
I00-A fibrillar texture  characteristic of  the  coat middle layer,  while the lower stratum 
shows the meshwork texture of the outer layer.  X  50,000. 
FIGUnE 19  Typical shed coats of germinated B. megaterlum spores, uranium shadowed. 
Unincinerated control preparation.  A  coarsely  mottled texture  (1~)  is  evident,  but no 
indication  of  the  100-A  fibrillar  structure  can  be  seen  in  these  unincinerated  coats. 
X  ~5,000. 
FIGUnE ~0  Fragment of  B.  megaterium spore  coat  middle layer  after low-temperature 
incineration and uranium shadowing. Note the many different orientations of the 100-A 
fibrillar arrays in the structure.  X  70,000. 
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diameter  of  an  intact  spore,  nearly  always  sur- 
rounded  by  a  delicate,  membranous  structure. 
The  latter,  although  sometimes  collapsed,  was 
commonly seen by profile and shadow contour to 
have the same size and shape as the original spore 
surface.  Close examination  (see  Fig.  24)  revealed 
a  fine meshwork  texture in the membrane similar 
to  that  shown  by  the  outer  layer  of the  coat  in 
thin  sections,  and  sometimes  a  hint  of  fibrillar 
texture underlying the meshwork. 
There  is  little  doubt  that  the  membranous 
structure  represented  the  ash  of  the  spore  coat. 
The  central opaque  body  may have been simply 
the  residue  of the  spore  core,  but  the interpreta- 
tion here is less certain and will be discussed below. 
Rather  similar results were  obtained  on whole 
B. cereus  spores (see Fig.  22). With this spore, how- 
ever,  the  ash  of  the  coat  appeared  more  fragile 
and  was  usually  collapsed  onto  the central  mass. 
Also, a  fine ash residue clearly defined  the site of 
the collapsed exosporium. 
Electron  Diffraction  of Ash  Residues 
Unshadowed,  incinerated  preparations,  similar 
to  those  described  in  the  previous  sections,  were 
examined by selected area diffraction and selected 
diffraction dark field to determine the presence of 
crystallinity in  the  ash. 
Many  residues  of  whole  spores  incinerated  at 
high temperature  gave  a  diffraction pattern con- 
sisting of a  few discrete spots.  As shown by dark- 
field  examination,  the  diffraction  came  either 
from the edge of the central opaque mass or from 
the surrounding smaller ash granules. Not all parts 
of  the  residue  contributed,  however,  and  some 
residues gave no crystalline diffraction at all. 
By contrast to whole spores, most residues from 
high-temperature incinerated thin sections did not 
diffract.  The occasional residue which did invari- 
ably proved to be a  coarse assemblage of large ash 
particles resulting from a  thicker section. Adjacent 
coarse ash patterns often gave no diffraction.  The 
diffracted  ray  usually  came  from  a  small,  dense, 
angular  granule  seen  inside  the  larger,  droplet- 
shaped  ash  particle.  In  no  case  did  diffraction 
originate from the discrete ash residue of the coat 
middle layer. 
The  low-temperature  ashed  preparations,  in- 
cluding  whole  spores,  spore  coats,  and  thin  sec- 
tions,  gave  no  detectable  crystalline  diffraction 
whatsoever. 
These results suggest that the ash even of high- 
temperature preparations was mostly in an amor- 
phous rather than crystalline form. It may be that 
FIGURE ~1  Selected  examples  of  whole  B.  megaterium  spores  after  low-temperature 
incineration and uranimn shadowing. Note that in the lower spore residue a delicate, free- 
standing membrane of ash corresponds in size and shape to the spore coat. It surrounds 
an opaque mass of ash which may correspond to the spore core. The residue in the upper 
part of the field has apparently lost the ash membrane and consists simply of the central 
opaque mass. To the left of the lower ash residue, a  small fragment of coat middle layer 
may be seen. Although not readily discerned at this magnification, it clearly shows the 100- 
A fibrillar fine structure.  X  30,000. 
FIGURE ~  Selected example of whole B. cereus  spores after low-temperature incineration 
and uranium shadowing. In addition to the delicate, free-standing ash residue of the spore 
coat, and the central, opaque mass of ash, note the distinct pattern on the support fihn 
which corresponds to the collapsed exosporimn.  X  30,000. 
FIGURE ~23  Typical field of whole B. megaterium spores after low-temperature incineration 
and uranium shadowing. Although some of tile ash residues show good spatial preservation 
of the delicate coat ash, in many cases it has more or less collapsed onto the central ash 
body.  X  10,000. 
FIGURE ~4  Part of a whole B. megaterium spore after low-temperature incineration. Not 
shadowed (and no contrast reversal). Note that the ashed coat displays over-all a  mesh- 
work structure. At the top of the field, however, where a tear in the ash membrane exposes 
a single thickness, there appear some slight indications of an underlying fibrillar structure. 
X  65,000. 
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one  experiment,  a  high-temperature  incinerated 
thin-section  preparation  was  re-examined  in  the 
electron  microscope  after  several  days'  storage. 
The  number  of  ash  residues  showing  crystalline 
diffraction seemed  to have greatly increased,  and 
there was an increased  number  of dense,  angular 
granules in the ash. 
DISCUSSION 
The Over-All Distribution of Mineral Elements 
in Spores 
Electron  microscopic  observations  of  high- 
temperature  incinerated whole spores do  not sup- 
port  Knaysi's  conclusion  from  the  light  micro- 
scope  that  spore  minerals  are  confined  to  a  pe- 
ripheral  layer  surrounding  a  minerally poor  core 
(17,  18).  Judging  by  parallel  observations  with 
both  microscopes,  it  seems  likely  that  he  misin- 
terpreted  the  optical  images  of  the  ash  residues. 
The  ash  was,  in fact,  largely concentrated  in  the 
center  of  the  residue  pattern  rather  than  the 
periphery,  but  its  generally  amorphous  appear- 
ance discouraged  interpretation. 
Low-temperature  incineration  of  whole  spores 
yielded less ambiguous ash residues and  they sug- 
gest a  distribution of minerals roughly converse to 
Knaysi's: a  cortex poor in minerals surrounding  a 
minerally rich core. A  sizable, empty region lying 
beneath  the  delicate  ash  of  the  coat  seem'ngly 
corresponded  to  the  cortex,  and  a  central  ash 
mass could have been the residue of the core.  It is 
tempting  to  take  this  as  a  true  picture  of  the 
mineral distribution. 
There is also the possibility of artifact,  however. 
It  may  be  that  the  central  ash  mass  originated 
from  the  entire  inner  contents  of the  spore,  both 
cortex  and  core,  and  reached  its  final  size  and 
shape simply by contraction. The central mass was 
somewhat variable in size and was slightly smaller, 
in  many  cases,  than  the  original  core.  That  the 
ash of the core, at least, can contract was suggested 
by the condensed  reticulum in some low-tempera- 
ture  incinerated  thick  sections. 
Further work is required  to settle this question 
of  artifact.  A  promising  approach  here  may  be 
the  microincineration  of  chemically  intact  thin 
sections  obtained  by  dry  cutting  of frozen-dried 
spores (38). 
The Mineral Structure of the Spore Coat 
Perhaps  the  most  interesting  finding  of  the 
present  investigation  was  the  highly  ordcrcd, 
fibrillar  fine structure  of  100-A  periodicity in  the 
ashed middle layer of the B. megaterium spore coat. 
It is remarkable  that  such  finely organized  detail 
should  be preserved  in an  ash  pattern.  Neverthe- 
less, there seems little doubt that the structure was, 
in  fact,  a  completely  incinerated  ash.  This  was 
shown  by  control  experiments.  Also,  it  appears 
unlikely  that  the  organization  was  a  simple  arti- 
fact of the ashing process. The ash was not crystal- 
line, judging  by  the  lack  of electron  diffraction, 
and  its  appearance  was  identical  after  the  two 
widely differing processes of high-,  and  low-tem- 
perature  incineration.  It is easier to conclude that 
the organization  came from  pre-existing order  in 
the intact spore. 
There was no indication of this fibrillar structure 
in  the  present  preparations  before  ashing,  but  it 
may correspond  to the structure  found  earlier by 
Knaysi  and  Hillier in disintegrating B. megaterium 
spore coats  (19).  Their description  is worth quot- 
ing.  (P.  97)  "...  a  coat  consists  of a  matrix  of 
beaded  threads  held  together  by  a  cementing 
material: The diameter of a  bead is about  120  ,~; 
the  length  of a  thread  varies considerably  but  is 
usually  between  6  x  l02  and  12  x  l02  A.  These 
threads  are  invisible in  the  intact  coat,  but  they 
become  visible  and  are  finally  liberated  by  the 
dissolution  of  the  cementing  material .... "  The 
present structure may also correspond  to that seen 
by Robinow in thin-sectioned B. megaterium spores 
which had been treated with acid (98). The author 
writes  (p.  309)  "...  in  half a  dozen  spores  with 
unusually  thick coats,  evidence of laminated  con- 
struction of the spore coat was found and  in some 
instances glancing sections revealed a regular array 
of short lengths of fine fibers in one of the layers. 
These  fibers are of the  same  order  of magnitude 
as  those  that  were  more  clearly  seen  by  Knaysi 
and  Hillier  ....  " 
Whether  the  fibrillar  structure  is  present  in 
spores other than B. megaterium remains unknown. 
However, the coherent, well preserved ash residue 
of  the  coat  in  low-temperature  incinerated  B. 
cereus spores  suggests  that  they,  too,  may have it. 
Also, if the structure is associated with a laminated 
construction,  as  suggested  by  Robinow's  report 
(38),  it  may  well  be  present  in  other  species. 
Stained  thin  sections  of several  different  Bacillus 
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tions in the  middle layer  (40,  43). 
A  laminated construction would  be  consistent 
with the fibrillar structure seen in the ash patterns. 
In local regions, the fibrils were ordered precisely 
in parallel, but the orientation changed abruptly 
from  one  region  to  another.  These  different 
regions may reflect different laminae whose organi- 
zation happened  to  survive preferentially in the 
incompletely preserved order of the ash.  Lamina- 
tion is especially suggested  by transitional regions 
in the ash patterns where two fibrillar arrays were 
superimposed. 
In  contrast  to  the  fibrillar  structure  of  the 
middle  layer,  the  low-temperature ashed  outer 
layer  of  the  B.  megaterium spore  coat  showed  a 
reticular  or  meshwork  texture.  This  was  less 
highly organized, and survived only poorly after 
high-temperature ashing, which  suggests  that  its 
textural detail may have been simply an artifact 
of incineration. On the  other hand,  the  ash  tex- 
ture is consistent with the rather coarse and irregu- 
larly layered or network construction of the outer 
coat layer which has been demonstrated in stained 
sections  of several Bacillus spores  (43). 
The inner layer of the B. megaterium spore  coat, 
seen in thin sections, left essentially no ash residue. 
However, owing to possible  losses in the prepara- 
tion,  it  remains unknown whether  this  layer  in 
the intact spore was truly devoid of minerals. 
Also unknown is the chemical nature and func- 
tional significance of any of these  mineral struc- 
tures in the coat. However, survival of at least the 
middle and outer layer minerals in isolated coats 
suggests the possibility of obtaining the structures 
in pure preparations for analysis. 
The  Technique of High Resolution Micro- 
incineration 
In contrast  to  the  broad  literature on  micro- 
incineration at the  histological level of organiza- 
tion, there have been but few reports of its use in 
the  study of fine  structure.  Perhaps  the  present 
demonstration of its  high  resolution capabilities 
will  encourage further  exploration of  the  tech- 
nique. 
The low-temperature, excited-oxygen technique 
seems a  particularly promising approach for high 
resolution work.  In  conventional, high-tempera- 
ture incineration the resolution is limited by coa- 
lescence of the ash into droplet-like particles (16, 
20,  25,  34).  The coalescence is apparently caused 
not  so  much  by  moisture  uptake  in  the  ash  as 
simply by melting. With low-temperature incinera- 
tion the ash does  not melt, but rather aggregates 
into a  fine-textured granular reticulum allowing 
much sharper definition of the ash pattern. 
The advantage of low-temperature incineration 
is especially obvious when applied to thick speci- 
mens.  Unlike the  high-temperature ash  patterns 
which  become coarser  the  thicker  the  specimen, 
the low-temperature ash has a texture independent 
of  specimen  thickness.  Thick  specimens  should 
allow the study of chemically intact material, not 
limited by  the  difficulties of preparing uhrathin 
sections.  Chemically intact, frozen  thick  sections 
can be  prepared  routinely, but similar uhrathin 
sections  are a  tour de force (10). 
The low-temperature procedure should increase 
the  sensitivity  of  microincineration  for  small 
amounts  of  mineral  material,  judging  by  the 
present results with the B. cereus exosporium. With 
increased definition of the ash  pattern,  the  trace 
of ash  could be more easily detected  against the 
rough  support  film.  Also,  this  new  technique 
should make microincineration  more quantitative, 
since  volatile  mineral  substances  which  can  be 
partially lost at high temperatures are retained by 
the low-temperature procedure  (14). 
Only  future  experiments  will  show  the  most 
valuable applications for  high  resolution micro- 
incineration. Besides its obvious use to determine 
the total over-all mineral distribution in an object, 
it may also  be  a  means of selectively  degrading 
specimens to reveal new structure. So was it used 
in  the  present  investigation to  demonstrate  the 
fine structure of the spore  coat. Objects which do 
not  contain  minerals  may  be  saturated  with 
metallic stains to delineate their structures (3, 41). 
The technique is limited as a truly cytochemical 
tool  since it  directly demonstrates only a  broad 
class of materials, the total minerals, rather than 
specific substances. Crystalline electron diffraction 
may identify specific substances in favorable cases. 
In the present experiments, however, much of the 
ash  was  not crystalline. Specific  substances may 
also  be  identified by  selective  solubility experi- 
ments, either directly on the  ash  patterns or  on 
the  specimens  before  incineration.  It  may  be 
possible  to localize the ion-exchangeable calcium 
in spores  (I) by this means. The interpretation of 
results will  be  greatly facilitated  by  the  unique 
tolerance of incinerated specimens to  previewing 
in the electron microscope; the most advantageous 
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and their photographs compared directly with the 
subsequent ash patterns. 
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